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Abstract 

The plant fossil record from Lower Triassic sedimentary successions of the Western USA is extremely meager. In this 
study, samples from a drill core taken near Georgetown, Idaho, were analyzed for their palynological content as well 
as their stable carbon isotope composition. The concentration of palynomorphs is generally low. The lowermost part 
of the drilled succession represents Dinwoody/Woodside Formation and contains spore and pollen assemblages 
with Permian and Early Triassic affinity. Representatives of lycophytes (Densoisporites spp., Lundbladisporites spp.) were 
found in the overlying Meekoceras Limestone, in agreement with middle Smithian assemblages elsewhere. Ammo‑
noids and conodonts are extremely rare, but confirm a middle Smithian age. Bulk organic and carbonate carbon 
isotope composition provide a stratigraphic framework. Carbonate carbon isotope compositions are compatible 
with the Smithian–Spathian global trend, with a middle Smithian shift towards lower δ13C values followed by a late 
Smithian shift towards higher values. Bulk organic carbon isotope compositions have been influenced by changes 
in the constitution of organic matter. A comparison with other paired carbon isotope datasets from the same basin 
is difficult due to lithostratigraphic inconsistencies (Hot Springs, ID) or biochemical mediated disturbance of isotope 
signals (Mineral Mountains, UT).
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Introduction
In the western United States, plant fossils from sediments 
straddling the Permian–Triassic boundary are scarce 
(McKee 1954), thus reconstructing the vegetation his-
tory during this period is impossible for this region. The 
scarcity of late Permian–Early Triassic plant macro- and 
microfossils contrasts with the rich plant fossil records 
from the Late Triassic Chinle Formation in the southern 

part of this area (New Mexico, Arizona) (Ash 1972; 
Litwin 1985; Litwin et al. 1991; Lindström et al. 2016).

Approaching the Permian–Triassic boundary from 
the Palaeozoic, the youngest Palaeozoic plant macrofos-
sils are known from the mid-Permian Blaine Formation 
in Texas (DiMichele et al. 2004). From Roadian–Word-
ian deposits of the Park City and Phosphoria formations 
in NE Utah a number of acritarchs have been described 
(Jacobson et al. 1982). Younger Permian fossiliferous 
deposits are not known from the Western United States 
(Collinson et al. 1976; Wardlaw et al. 1995). Besides the 
rich plant fossil record of the Late Triassic Chinle For-
mation, the oldest Mesozoic plant fossils have been 
described from the Lower–Middle Triassic Moenkopi 
Group. This formation stretches from SE Utah, New 
Mexico, Arizona and interfingers with the Thaynes 

Open Access

Swiss Journal of Palaeontology

Editorial handling: Susanne Feist‑Burkhardt.

*Correspondence:  elke.schneebeli@pim.uzh.ch; bagherpour@shirazu.ac.ir
1 Paleontological Institute and Museum, University of Zurich, Karl 
Schmid‑Str. 4, 8006 Zurich, Switzerland
2 Department of Earth Sciences, Faculty of Sciences, Shiraz University, 
Shiraz, Iran
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-1552-4785
http://orcid.org/0000-0002-4476-442X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13358-020-00205-9&domain=pdf


5 Page 38 of 139 E. Schneebeli‑Hermann et al.

Group towards the NW (Idaho) and the Chugwater 
Group to the N (Montana) (Kummel 1954, 1957; Stew-
art et al. 1972; Lucas et al. 2007) (Fig. 1). Since the early 
twentieth century poorly preserved plant remains, 
mostly impressions and a few petrified stem fossils, were 
known from the upper part of the Moenkopi Group (late 
Spathian–Anisian) (McKee 1954; Morales 1987) includ-
ing sphenophytes and plant remains resembling the 
Palaeozoic conifer genus Walchia spp. (Gregory 1917; 
McKee 1954). Ash and Morales (1993) described Ani-
sian plant assemblages from the Holbrook Member of the 
Moenkopi Group of Arizona. These belong to the oldest 
known Mesozoic megaflora in North America. The flora 
is composed of fungi, pith casts of Neocalamites sp., pet-
rified fern trunks, and conifer wood resembling Arau-
carioxylon arizonicum (Ash and Morales 1993). From 
the late Early Triassic (?) Wupatki Member only spheno-
phyte stems are reported (Morales 1987). Benz (1980; in 
Morales 1987) was the first to document palynomorphs 
from late Spathian to Anisian coprolites of the Moenkopi 
Group in Arizona. The spores and pollen grains were 
poorly preserved and were assignable to Gnetales, Cor-
daitales, seed ferns, sphenophytes and ferns (Benz 1980 

in Morales 1987). However, their identification was ques-
tioned (Litwin and Ash in Morales 1987).

During the Early Triassic the climate was suggested 
to have been globally influenced by the Pangean mega-
monsoon (Parrish 1993; Miller and Baranyi 2019). The 
Sonoma basin was situated on the western Pangean mar-
gin close to the equator. Continent interiors were arid to 
semi-arid, but not necessarily stable throughout the Early 
Triassic, various studies present evidence for changes in 
temperature and precipitation (Preto et al. 2010). The 
formation of red beds during the Early Triassic indicates 
at least seasonal precipitation (van Houten 1973; Parrish 
1993). During the Triassic, the strength of the monsoonal 
systems may have enabled circulation patterns that are 
drawing moisture from the equatorial Panthalassa onto 
the western coast of Pangea (Parrish 1993). This provided 
conditions for red bed formation, and rich plant commu-
nities during the Late Triassic.

Despite the dearth of plant fossils, the lithologies of 
the western United States are well known for their Early 
Triassic marine fauna including ammonoids, conodonts, 
bivalves, and gastropods (Kummel 1943, 1954; McKee 
1954; Müller 1956; Ware et al. 2011; Brayard et al. 2013). 
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Fig. 1 a Map of the Western USA (based on Google maps). The Sonoma basin is indicated after Caravaca et al. (2018), direction of the Smithian 
transgression after Vennin et al. (2015) and Brayard et al. (2013). Extent of the Moenkopie and Chugwater groups (pale area) as well as sediment 
transport directions after Stewart et al. (1972). b Geological map of the Bear Lake area based on Lewis et al. (2012) (Geological map of Idaho 
1:750,000)
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More recently, both fish and ichthyosaurs have also been 
described (Romano et al. 2012, 2017; Scheyer et al. 2014) 
and exceptionally diverse Early Triassic marine fauna, 
known as the Paris biota (Brayard et al. 2017), is found 
approximately 20 km South of Georgetown.

This study documents palynomorphs partly from the 
Dinwoody/Woodside Formation and from the lower part 
of the Thaynes Group recovered from samples of a drill 
core from a scientific borehole near Georgetown in the 
Bear Lake district. With respect to the scarcity of land 
plant fossils so far recovered in this region, these findings 
are illustrated and discussed. Paired carbon isotope com-
positions including particulate organic matter data are 
discussed.

Geological setting
During the Early Triassic the Western Interior was char-
acterized by a wide basin bordered by the Permian–Tri-
assic Sonoma orogeny to the West (Blakey and Ranney 
2018) (Fig. 1). In this shallow basin marine sediments 
(limestones and shales) of the Lower Triassic Thaynes 
Group were deposited in the western central part reach-
ing their southeastern most extent during the Smithian 
transgression (Vennin et al. 2015; Caravaca et al. 2018). 
These marine deposits interfinger with the marginal 
marine to nonmarine sediments of the Moenkopi Group 
and Chugwater Group to the East (Fig. 1) deposited on a 
vast arid plain approximately at sea level with predomi-
nant deltaic and coastal plain red bed deposition (Blakey 
and Ranney 2018). The Thaynes Group (sensu Lucas et al. 
2007) crops out in the area around Georgetown (Fig. 1). 
In the Bear Lake area, the Smithian–Spathian succes-
sion has been subdivided into seven units (Thaynes For-
mation sensu Kummel 1943, 1954) the lowermost three 
are included in the present study: The basal part con-
sists of the Meekoceras Limestone, followed by the lower 
shale unit, and the Tirolites Limestone above. Later the 
Thaynes Formation has been elevated to Group rank, a 
marine succession correlated with the terrestrial Early 
to Middle Triassic Moenkopi Group (Lucas et al. 2007). 
In the Bear Lake area the calcareous siltstones and lime-
stones of the Griesbachian–Dienerian Dinwoody Forma-
tion intercalated by red to maroon calcareous siltstones 
of the Woodside Formation (Kummel 1954) underlie the 
Meekoceras Limestone.

Materials and methods
Particulate organic matter and palynology
The studied succession was recovered from a drilled 
borehole core just above the western bank of the Bear 
River (coordinates: N 42° 28′ 41.0″/W 111° 24′ 50.1″), 
near Georgetown, Idaho. The drilling was realized in 
August 2016 and reached a total core depth of 151.9 m.

Fifty-four samples were selected from the Georgetown 
core. They were cleaned, crushed and weighed (15 g on 
average) and subsequently treated with concentrated 
hydrochloric and hydrofluoric acid as described by Trav-
erse (2007). The residues were sieved over a 11-µm mesh 
screen. For palynofacies analysis organic matter particles 
were counted on unoxidized slides to a minimum of 250 
counts. Particle counts included the categories of trans-
lucent and opaque wood (charcoal), but also degraded 
woody particles (pseudoamorphous particles partly with 
angular shape and/or remaining internal structure). Cuti-
cles, inertinite (used for particles describable as “worn 
and transported oxidized or carbonized wood” Tyson 
1995, p 351), membranes, spores and bisaccate pol-
len grains were also counted (Tyson 1995; Batten 1996). 
Aquatic particles include acritarchs, Leiospheridia and 
foraminiferal test linings. Usually amorphous organic 
matter is also included in the aquatic group of particles; 
however, the origin of these particles in the Georgetown 
core remains enigmatic.

For analysis of the spore and pollen content most sam-
ples needed further treatment. A split of the sample was 
treated with concentrated nitric acid, applied only to 
samples that have a high content in amorphous or pseu-
doamorphous organic matter. For these, a stepped pro-
cess of oxidation (concentrated nitric acid) and ultrasonic 
vibration was necessary in order to increase palyno-
morph concentration. After oxidation the residues were 
sieved again over a 11-µm mesh screen.

Slides are stored in the repository of the Palaeonto-
logical Institute and Museum, University of Zurich, and 
are found under PIMUZ A/VI 138, PIMUZ A/VI 139, 
PIMUZ A/VI 140.

Carbonate carbon and bulk organic matter carbon isotope 
compositions
Fifty-six samples were selected for δ13Ccarb and δ18Ocarb 
measurements on bulk micrite. Samples were care-
fully cleaned, cut, and finely ground. Diagenetic calcite 
veins, cracks, stylolites, and large skeletal particles were 
avoided. The C- and O-isotope composition of the car-
bonates were measured at the University of Lausanne 
(Faculty of Geosciences and Environment) with a Gas-
Bench II linked to a DeltaPlus XL mass spectrometer 
(ThermoFisher Scientific) according to a method adapted 
after Spötl and Vennemann (2003). Carbonates were 
reacted at 70 °C with 100% orthophosphoric acid and the 
extracted  CO2 calibrated against a number of in-house 
Carrara Marble (CM) replicates for acid fractionation 
and normalization of the δ13C and δ18O values that are 
expressed at the permil scale. The CM standard was, in 
turn, calibrated against δ13C and δ18O values of NBS-19 
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(+ 1.95 and − 2.20 ‰, relative to VPDB). The average 
reproducibility of about 8 CMs analyzed in each run of 
40 samples is better than 0.06‰ for δ13C and 0.08‰ for 
δ18O values.

Fifty-five samples were selected for bulk organic car-
bon isotope composition (δ13Corg); all pulverized using a 
ceramic mortar. About 5 g of powdered samples were dis-
solved in 6 M hydrochloric acid to remove all carbonates. 
After centrifuging, residues were rinsed several times 
with deionized water and centrifuged until neutrality 
was reached. The residues were dried overnight at 45 °C 
and δ13Corg values of the homogenized residues were 
measured using a Carlo Erba 1500 elemental analyser 
connected to a ThermoFisher Delta V Plus mass spec-
trometer at the University of Lausanne. The samples were 
individually wrapped in tin foil cups and sequentially 
allowed to react with an injected quantity of oxygen while 
continuously flushed with He carrier gas. The sample was 
oxidized in the reactor at about 1050 °C using cobalt(II) 
oxide as the catalyst. Excess oxygen in the He-stream was 
adsorbed in a reactor column filled with metallic Cu held 
at 500 °C. The  CO2 produced was passed over a magne-
sium perchlorate  (Mg[ClO4]2) trap to remove  H2O, and 
a gas chromatograph to separate the  N2 from the  CO2, 
before the  CO2 is carried by the He-stream into the mass 
spectrometer for isotopic analysis. The reproducibility of 
several in-house standards used is better than 0.1‰ and 
they are calibrated against USGS-24 graphite (− 16.0‰ 
VPDB) and NBS-22 oil (− 29.6‰ VPDB).

Conodonts
Thirteen conodont samples, each a ca. 0.5 kg sample 
of carbonated rock, have been selected from the core. 
Conodont elements were extracted using the standard 
buffered acetic acid technique (~ 10%, Jeppsson et al. 
1999). Subsequently, a density separation with sodium 
polytungstate was applied in order to separate the cono-
dont fraction (Jeppsson and Anehus 1999).

Core description and comparison with regional 
lithology
The lithological sequence of the core has been subdivided 
into five lithological intervals and are described top down 
(Fig. 2):

Unit V: the uppermost interval ranges from the surface 
to ca. 70 m core depth. The lithology of the entire unit 
consists of collapse breccia, characterized by heteroge-
neous and angular limestone clasts, yellow-to-light grey 
in color. The internal sedimentary structures vary from 
laminated to slightly bioturbated to homogeneous. The 
clasts are embedded in a yellow matrix (karstic loam). 
From 35.7 to 40.7 m and from 47.4 to 49.4 m the lithol-
ogy consist of light grey-to-greenish laminated limestone. 

However, it is difficult to judge from the core whether 
these intervals are in place or just very large clasts. Excep-
tional is also the interval between 57.9 and 61.0 m, there 
the lithology of a collapse breccia is continued, but the 
color of the matrix changes from dark grey at the top 
to light grey at the base of this interval. Below collapse 
breccia with yellow matrix comparable to the uppermost 
interval prevails again down to 70.1 m.

Unit IV ranges from 70.1 to 102.1 m and consists of 
dark grey shaly limestone (argillaceous limestone), which 
is laminated. Styloliths and dissolution surfaces are pre-
sent throughout but decreasing downwards. These dark 
grey facies is interrupted in an interval from 86.9 to 
91.4 m by the occurrence of a medium grey laminated 
limestone.

Unit III ranges from 102.1 m down to 140.5 m. The 
lithology is composed of light-to-medium grey lime-
stone in which laminated intervals alternate with nodular 
bioclast-rich limestone intervals of few centimeter thick-
ness. Middle Smithian ammonoids (Juvenites sp.) occur 
at 104.2 m and around 108 m (indeterminate).

Unit II expands from 140.5 to 149.6 m. The grey lime-
stone is marked by laminated intervals alternating with 
homogenous grey fine-grained bioturbated limestone 
intervals. Several centimeter thick lenses fully packed 
with bivalves (bivalve debris) occur regularly as well as 
styloliths and macroscopic pyrite crystals. Between 142 
and 143 m the lithology shows a yellow color and is brec-
ciated (karstified). In two horizons, ca. 25 and 50 cm 
above the boundary to the lower unit, mudclasts interca-
lated into the laminated intervals of grey limestone indi-
cate reworking.

Unit I comprises the interval from 149.6 m to the base 
of the core (151.9 m). The lithology consists of shaly lime-
stone with an alternation in color (grey and red-brown). 
Generally, the lithology is laminated to cross-bedded, 
ripples are observed. This pattern is regularly interrupted 
by bioturbated intervals (containing Lingula sp.) with 
flowcasts at the base and by a few-cm-thick coquinoid 
layers at 146.8 m and 151.3.

A comparison with previously described successions 
in the area of the Bear Lake district suggests that litho-
logical unit I represents an interval in which grey cal-
careous siltstone and grey limestone containing Lingula 
spp. of the Dinwoody Formation and the maroon to red 
shaly siltstones of the Woodside Formation are interca-
lating (Kummel 1954). Kummel (1954, 1957) described 
the boundary between the Dinwoody and the Woodside 
formations as arcuate belt stretching from SW Montana, 
along the Idaho–Wyoming unfossiliferous border into 
NE Utah, with the Woodside Formation to the East and 
a belt to the west in which the Woodside formation inter-
fingers with the Dinwoody Formation. The Woodside 
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Fig. 2 Core pictures: a unit I, b unit II, c karstified interval unit V, d Meekoceras limestone facies unit III, e dark shaly limestone unit IV
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Formation is unfossiliferous, whereas the Dinwoody 
Formation is regarded Griesbachian to Dienerian in age 
(Clark and Carr 1984). The Dinwoody and Woodside 
formations are also noted to occur below the Thaynes 
Group in the well-studied succession at Hot Springs (ID) 
(Caravaca et al. 2018; Kummel 1954) ca. 45 km South of 
Georgetown.

Unit II marks a transition from the more siliciclas-
tic Woodside/Dinwoody formations to the limestone 
dominated lower units of the Thaynes Group. Unit III 
is marked by the typical facies of the Meekoceras beds, 
however, these beds are usually between 15 and maxi-
mum 30 m thick in Southeastern Idaho (Kummel 1954). 
At Hot Springs these beds show a thickness of ca. 15 m 
(Caravaca et al. 2018; Kummel 1954). In Georgetown, 
however, the facies resembling the Meekoceras lime-
stone is nearly 40 m thick indicating that the boundary 
between the Dinwoody/Woodside formations and the 
Thaynes Group might be diachronous. This is supported 
by variable thicknesses of this facies of up to 45 m at 
Fort Hall (ID, West of the Georgetown area) and in the 
Swift Creek (WY, East of Georgetown) succession (Kum-
mel 1957). The uppermost part of lithological unit III 
contains Juvenites sp. an ammonoid genus restricted to 
the Meekoceras limestone in SW Idaho (Kummel 1954) 
and indicative of middle Smithian age (Brühwiler et al. 
2012). The argillaceous limestone of unit IV corresponds 
to the Lower Shale of Kummel (1943). 3.6 km west of 
Georgetown, Kummel (1954) described the occurrence 
of ammonoids belonging to the Anasibirites Zone (late 
Smithian). With about 30 m thickness unit IV (Lower 
Shale, Kummel 1943) is less thick compared to Hot 
Springs, where this interval accounts for 70 m of sedi-
mentary succession (Kummel 1943). According to Kum-
mel (1943, 1954), the thickness of this interval is variable 
to some extent reaching 88 m in the Spring Canyon (WY) 
succession (Kummel 1954). A more recent study meas-
ured 150 m of Lower Shale in the Hot Springs succes-
sion including a 130-m-thick covered interval contrasting 
with significantly less expanded intervals in older litho-
logical descriptions (Kummel 1943) and illustrations of 
the succession (Jenks et al. 2013).

The karstified limestone of Unit V most probably rep-
resents the Spathian Tirolites Limestone (Kummel 1943, 
1954). However, ammonoids have not been found in this 
unit in the Georgetown core.

Results
Particulate organic matter
The particulate organic matter (POM) shows four phases 
with distinctive composition (Fig. 3). Phase A defines the 
base of the core to 111.45 m (sample GTB 015) and thus 
encompass lithological units I, II and most of unit III. 

The POM assemblages are marked by the dominance of 
opaque and translucent wood particles. In two samples, 
degraded wood is present in higher amounts. Addition-
ally, bisaccate pollen grains are observed especially in 
the lower part of phase A and spores in the middle and 
upper part. Acritarchs and amorphous organic matter 
each contribute several percent to the POM assemblage 
throughout phase A (Fig. 4 1, 2).

Assemblages of phase B are documented for samples 
between 108 and 84 m core depth. POM assemblages 
of this phase contain a continued stable contribution of 
translucent wood. In contrast to the previously described 
phase, phase B is dominated by pseudoamorphous 
organic matter. Residual structures in some particles sug-
gest that these particles represent degraded wood. Fluo-
rescence is not observed in these particles. Opaque wood 
and amorphous organic matter occur in minor amounts. 
Acritarchs occur extremely sporadically (Fig. 4 3, 4).

In phase C, which encompasses the interval between 
84 and 50 m of the core, amorphous organic matter 
is dominant with the exception of samples GTB 043 
and GTB 044. These show a similar composition as the 
assemblages of phase B. POM phase C includes the upper 
part of lithological unit IV and the lower part of lithologi-
cal unit V.

POM phase D coincides with the uppermost 50 m of 
the core and therefore corresponds to lithological unit V. 
Except for one sample (GTB 048, 47.68 m), POM assem-
blages are dominated by opaque wood particles and iner-
tinite. Sample GTB 048 contains additionally degraded 
wood, a small amount of spores, membranes, amorphous 
organic matter, and acritarchs (Fig. 4 5, 6).

Palynology
Generally, palynomorphs are preserved only in very low 
quantities. From 54 samples prepared for palynological 
analysis 28 turned out to be barren and in the remaining 
26 samples palynomorphs are very rare. The preservation 
varies throughout the succession. The palynomorphs are 
reasonably well preserved in the lower part, and poorly 
preserved in the rest of the succession—in most cases 
they are not determinable. Analysis of relative abun-
dances of spore and pollen taxa was thus impossible; 
Fig. 5 displays therefore just occurrence data, each dot 
representing maximum of 2 occurrences. Spore and pol-
len color is very dark indicating thermal maturation (5/6 
on the thermal alteration scale Batten 1982). Acritarchs 
usually show the same dark brown color, but some lighter 
ones have been observed as well. In GTB 006 and GTB 
009, acritarchs preserved remnant fluorescence.

In the lowermost lithological units I and II palyno-
morphs are very dark brown but little corroded. Thus, 
several taxa could be identified. Densoisporites sp. occurs 



Page 43 of 139 5Early Triassic organic matter Georgetown, Idaho, USA 

together with Ephedripites sp. Jugasporites sp., Lueck-
isporites cf. singhii, Lunatisporites noviaulensis, and 
Protohaploxypinus sp. in the lowermost sample (GTB 
001) (Fig. 6). The next productive sample above (GTB 
005) covers partly the palynological content of GTB 001 
and additionally contains Klausipollenites schaubergeri, 

Lunatisporites pellucidus, Sulcatisporites ovatus and acri-
tarchs (Micrhystridium spp. and Veryhachium sp.). Spo-
romorphs and acritarchs are non-fluorescent.

Palynomorphs recovered from lithological unit III 
include Endosporites papillatus, Lundbladispora spp. (L. 
brevicula), Lunatisporites sp. Densoisporites playfordii, 
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Densoisporites nejburgii, undeterminable spores and 
pollen grains, as well as consistent occurrence of Mic-
rhystridium sp. and Veryhachium sp. Spore color is 
lighter compared to palynomorphs of unit I and II. Acri-
tarchs especially the lighter ones are still fluorescent. In 
sample GTB 009 there are fluorescent and non-fluores-
cent acritarchs present.

Sporomorph preservation is extremely poor in litholog-
ical unit IV. The sporomorphs recovered best assignable 
to Osmundacidites/Verrucosisporites.

The only productive sample from lithological unit V 
is GTB 048 it contains Densoisporites sp., Endosporites 
papillatus, taeniate and non-taeniate bisaccate pollen 
grains and Micrhystridium spp.

Fig. 4 Different particulate organic matter compositions in the Georgetown core succession: 1 Kerogen GTB 001 K a 12.2/123.3; 2 Kerogen GTB 
004 K a 10.5/126.3; 3 Kerogen GTB 020 K a 20.7/128.3; 4 Kerogen GTB 036 K a 6.7/135.1; 5 Kerogen GTB 048 K a 9.4/141.5; 6 Kerogen GTB 052 K a 
19.0/129.5
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Carbon isotope compositions
The carbonate δ13C values start at the base of the core 
with values of around 2.7‰ and increase slightly by a 
0.5‰ across lithological units I, II and the basal part of 
unit III towards a turning point at 137.17 m. From there 
values show a gentle trend to lower values up to the 
cored depth of 111.46 m, followed by a decrease to the 
minimum value of − 1.4‰ at 104.4 m in the top part 
of unit III. In the basal part of unit IV carbonate car-
bon isotope values increase again to values around 1‰ 
at 95.9 m and remain fairly constant until they increase 
again from 87.57 m upward. The most positive values 
of 4.9‰ are reached in the topmost part of unit IV at a 
core depth of 72.05 m. The maximum is followed first by 
a 1‰ decrease, followed by a slight increase in δ13C val-
ues again in the interval between 72.05 and 59.3 m (unit 
V). δ13C values of the topmost 50 m of the core are char-
acterized by rather homogeneous values of around − 1‰ 
(Fig. 3).

Bulk organic δ13C values decrease continuously from 
− 25.3‰ at the base of the core to − 28.1‰ at 111.45 m. 
In the upper part of lithological unit III, values decrease 
to a minimum of − 33.3‰ at 104.4 m. In lithological 
unit IV bulk organic carbon isotope values increase to 
values of − 26.1‰ at 90.81 m and remain stable for ca. 
5 m before they decrease by about 1‰. Values across the 
upper part of lithological unit IV and the lower part of 
unit V are marked by a slight continuous decrease from 
− 27‰ at 84.1 m to − 28‰ at 59.3 m. In the uppermost 
part of the core, bulk organic δ13C values decrease to 
− 31.5‰, but rise again to − 27.7‰ before they decrease 
again to − 31.9‰ in the topmost measured sample (GTB 
056) (Fig. 3).

Conodonts from the drill core in Georgetown
From the 13 investigated samples, only four samples 
yielded conodont elements, the remainder were all 
barren.

GTB C2 and GTB C3 yielded single unidentifiable 
ramiform elements. Sample GTB C6 consisted of several 

different ramiform and segminate P1 elements, including 
three specimens which could be identified as Neospatho-
dus cf. spitiensis (Goel 1977), a typical cosmopolite (mid-
dle) Smithian species (Shigeta et al. 2009).

A single broken P1 element of a segminiplanate 
Neogondolella? sp. was recovered from sample GTB C 10.

Discussion
Particulate organic matter
The dark brown color of palynomorphs and the absence 
of any fluorescence indicate a mature-to-postmature 
hydrocarbon stage. Acritarch fluorescence in some cases 
in the lower part of the studied succession does not con-
tradict a rather high thermal maturity (Hartkopf-Fröder 
et al. 2015; ca 170 °C).

Organic matter in the lower half of the Georgetown 
core is derived predominantly from the terrestrial realm. 
However, a contrast in preservation appears between 
phases A and B. Organic matter is less well preserved in 
phase B, which might be the result of OM remobiliza-
tion and re-deposition, whereas phase A is characterized 
by well-preserved terrestrial OM. A different source of 
terrestrial OM in these two phases cannot be excluded. 
The change from phase A to phase B occurs in the upper 
part of the Meekoceras Limestone facies of the Thaynes 
Group. The meaning of the amorphous organic matter in 
phase C remains enigmatic. Either these particles repre-
sent even less well preserved terrestrial organic matter 
compared to phase B or alternatively, they are marine 
in origin but poorly preserved (no fluorescence despite 
“only” brown color). In this second option, their abun-
dance could be compatible with the marine transgression 
and main flooding zone documented from the Mineral 
Mountains succession in Utah (Vennin et al. 2015). The 
uppermost part is influenced by karstification and con-
tains residual organic matter, i.e., opaque particles less 
affected by degradation.

Palynology
In lithological units I and II taxa occurring characteris-
tically in Permian deposits such as Lueckisporites spp., 
(here: L. cf. singhii), Klausipollenites schaubergeri, and 

(See figure on next page.)
Fig. 6 Palynomorphs recovered from the Georgetown core. 1 Densoisporites nejburgii GTB 014 K a 10.1/127.5; 2 Densoisporites playfordii GTB 009 
ox a 5.5/145.0; 3 Endosporites papillatus GTB 009 ox a 16.2/117.5; 4 Lundbladispora cf. L. brevicula GTB 009 ox a 10.5/141.9; 5 Verrucosisporites sp. GTB 
044 ox a 5.4/120.0; 6 relict cavate spore? GTB 015 ox a 10.8/118.8; 7 corroded palynomorph GTB 043 ox a 20.2/128.3; 8 poorly preserved spore GTB 
038 ox a 10.9/127.5; 9 Densoisporites sp. GTB 013 ox a 16.2/123.3; 10 trilete spore GTB 006 ox a 14.9/141.0; 11 Lueckisporites cf. L. singhii GTB 001 K a 
8.2/118.2; 12 non‑taeniate bisaccate pollen grain GTB 001 K a 13.8/127.9; 13 Veryhachium sp. GTB 015 ox a 11.4/145.5; 14 Veryhachium sp. GTB 009 
ox a 9.9/143.5; 15 Lunatisporites sp. GTB 009 ox a 15.6/123.7; 16 Protohaploxypinus sp. GTB 001 K a 16.9/135.0; 17 Sulcatisporites ovatus GTB 048 ox a 
5.9/142.8; 18 Veryhachium sp. GTB 005 K a 18.2/147.0; 19 Lunatisporites pellucidus GTB 005 K a 7.8/127.2; 20 taeniate bisaccate pollen grain GTB 020 
ox a 11.6/111.4; 21 Lunatisporites pellucidus? GTB 017 ox a 12.3/134.7; 22 Micrhystridium sp. GTB 044 ox a 11.9/140.2; 23 Micrhystridium sp. GTB 009 
ox a 20.5/148; 24 Micrhystridium sp. GTB 009 ox a 18.5/136.9; 25 Micrhystridium sp. GTB 005 K a 14.9/135.2
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Protohaploxypinus spp. are mixed with typical Early Tri-
assic forms such as Densoisporites spp. or Lunatisporites 
spp., especially L. noviaulensis and L. pellucidus. The tax-
onomic composition of assemblages thus shows a mixed 
Late Permian–Early Triassic character. Similar assem-
blages with mixed Permian–Triassic character are known 
from the basal Wordie Creek Formation at Kap Stosch 
(Greenland, Schneebeli-Hermann et al. 2017) or from the 
basal Flagstone Bench Formation (Antarctica, Lindström 
and McLoughlin 2007). Samples from both these locali-
ties included all above-mentioned genera and at least 
two of the mentioned species. The basal Wordie Creek 
Formation as well as the basal Flagstone Bench Forma-
tion are regarded to be Griesbachian in age (Lindström 
and McLoughlin 2007; Schneebeli-Hermann et al. 2017). 
Additional support for a correlation with other lower-
most Triassic palynological assemblages comes from 
conodont-based Griesbachian–Dienerian age of the Din-
woody Formation (Clark and Carr 1984).

Reworking of typical Permian taxa cannot be excluded; 
however, there is no distinct difference in preservation 
between the “Permian” taxa and the “Early Triassic” taxa, 
and underlying Permian deposits in the area (Phospho-
ria and Park City formations) are so far known to con-
tain only acritarchs (Jacobson et al. 1982). Thus, Permian 
sediments as possible source for those taxa are currently 
unknown.

Palynomorphs of lithological unit III are in agreement 
with Dienerian and Dienerian to Smithian assemblages 
elsewhere (e.g., Wordie Creek Formation, Greenland, 
Schneebeli-Hermann et al. 2017; Balme 1979; Rewan For-
mation, Bowen Basin, Foster 1982, Mianwali Formation, 
Salt Range, Pakistan Hermann et al. 2012). Shared taxa 
in these localities and unit II of the Georgetown core are 
Lunatisporites spp., Densoisporites spp. (D. nejburgii, D. 
playfordii), and Lundbladispora spp. (L. brevicula). Thus, 
the palynological assemblages were not very differenti-
ated in a belt from 30° N to 40° S. (Bear Lake area = equa-
tor; Pakistan 30° S, Greenland 30° N, Bowen Basin ca 
40° S, after Stampfli and Borel 2002). Time equivalence 
with Dienerian and Dienerian to Smithian palynologi-
cal assemblages is supported by the occurrence of the 
middle Smithian ammonoid Juvenites and conodont 
Neospathodus cf. spitiensis, together with carbon isotope 
stratigraphy.

Components of the vegetation
The core was drilled in the fully marine central part of 
the Sonoma Basin. Spores and pollen grains have been 
washed into this basin from the catchment area in the 
West (Fig. 1), elevated areas of the Umcopahgre Highland 
and the Salt Anticline Region, as well as the Defiance 
Uplift and the Mogollon Highland. The marginal marine 

Moenkopi Group was deposited between these elevated 
areas and the central Sonoma basin (Thaynes Group) 
and thus even closer to the plant habitats, but the plant 
fossil record is scanty nonetheless. Palynomorphs have 
a higher preservation potential compared to macrofos-
sils, but also they are hardly preserved in the oxygenated 
depositional environment indicated by red beds of the 
Moenkopi Group. Thus, the presence of palynomorphs in 
the Thaynes Group is remarkable which represent plants 
or plant groups which shall be illustrated here.

In lithological units I and II spores and pollen grains 
indicate the presence of lycophytes (Densoisporites 
spp.), Gnetales (Ephedripites spp.), conifers of the fami-
lies Ulmanniaceae and Majonicaceae (Jugasporites spp., 
Lueckisporites spp.), other conifers (Lunatisporites spp.), 
and seed ferns of the order Peltaspermales (Protohap-
loxypinus spp.). Palynofacies data display a strong terres-
trial signal during this time, indicating continental runoff 
and proximity to the shoreline (Fig. 3). In the following, 
lithological unit III slightly increased marine influence is 
indicated, but still terrestrial influence is dominant. The 
interval is characterized by the presence of lycophytes, 
mainly Pleuromeiaceae (Densoisporites spp., Lundbladis-
porites spp.). These plants have been interpreted as either 
pioneer plants or halophytes living under semi-arid con-
dition close to water bodies (Naugolnykh 2013; Retallack 
1997).

Carbon isotope compositions
Early Triassic carbon isotope records are marked by sig-
nificant fluctuations worldwide (e.g., Corsetti et al. 2005). 
The Smithian–Spathian transition is characterized by the 
occurrence of a prominent negative excursion during the 
middle Smithian followed by a positive excursion strad-
dling the Smithian–Spathian boundary (e.g., Payne et al. 
2004; Galfetti et al. 2007a, b; Zhang et al. 2019). However 
both records, organic and inorganic, are not necessarily 
reflecting secular carbon cycle changes, but rather dia-
genetic overprinting, compositional changes of locally 
derived organic matter or other environmental factors 
that may have influenced the local environment only 
(e.g., Popp et al. 1997; Arthur et al. 1985; Edwards and 
Saltzman 2016; Bagherpour et al. 2019).

Bulk carbonate carbon isotopes are a reliable proxy 
for oceanic DIC (dissolved inorganic carbon) and hence 
global  CO2 isotopic changes in open marine systems 
when diagenetic overprinting can be excluded (e.g., 
Kump et al. 1999; Weissert et al. 2008). For the George-
town core, δ13C–δ18O crossplots (Fig. 7) show no covari-
ance and thus would support the interpretation that the 
stable carbon isotope compositions were not overprinted 
by diagenesis. Furthermore, the isotopic composition of 
DIC is influenced by the bioproductivity at the surface, 
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competing with organic matter respiration at increasing 
depths down to the oxygen minimum zone. In modern 
oceans this phenomenon is responsible for a vertical car-
bon isotope gradient of DIC of about 2‰ (depending on 
the bioproductivity/nutrient supply and oxygen content), 
with higher δ13CDIC values at the surface and lower val-
ues at increasing depths towards the  O2 minimum zone 
(Hilting et al. 2008). This will be discussed below in a 
comparison of other paired carbon isotope datasets from 
the same basin.

One of the most important effects on bulk organic car-
bon isotopes are changes in the composition of organic 
matter. Carbon isotope compositions of terrestrial and 
marine organic matter can differ by several per mil (e.g., 
Arthur et al. 1985; Tyson 1995; Foster et al. 1997). Thus, 
changes in the contribution of either marine or terrestrial 
organic matter sources can have a fundamental impact 
on the δ13C curve. In addition, the aquatic organic mat-
ter often changes in concert with the DIC in the same 
water column, as this is the principal nutrient for aquatic 
biosynthesis. Particulate organic matter C-isotope com-
positions indicate significant differences between phase 
A, B, and C. The first marked compositional change 
from phase A to B concerns the preservation of terres-
trial organic matter: well preserved opaque wood vs. 
poorly preserved, i.e., pseudoamorphous terrestrial OM. 
δ13C of modern terrestrial OM is known to increase by 
up to 2‰ during early diagenetic degradation, notably 
because of the generally more rapid degradation of iso-
topically lighter proteins compared to other carbohy-
drates such as lignin more common in woody tissues 
(Tyson 1995). However, a systematic analysis of opaque 

and the pseudoamorphous particles encountered in the 
Georgetown core has not been performed. Additionally, 
the negative shift from A to B is opposite to what would 
be expected for a signal derived from organic matter 
preservation with remaining woody tissue (lignin) being 
isotopically rather heavy compared to proteins. The sec-
ond significant shift in OM composition between phase 
B and C might have a bigger influence on bulk OM com-
position. Pseudoamorphous OM is replaced by amor-
phous OM. While a marine origin of the amorphous OM 
cannot be proven, an increase in its relative abundance 
coincides with an attenuation of the positive δ13Corg shift. 
Thus, the compositional change might explain the dif-
ferent stratigraphic positions of positive peaks in organic 
and carbonate carbon isotope records.

Two localities have been studied previously in the 
Sonoma basin, the succession from the Mineral Moun-
tains (Utah, Thomazo et al. 2016) and one from the 
Bear Lake area, at Hot Springs (Idaho, Caravaca et al. 
2018). The paired organic and carbonate carbon isotope 
records from these sites show slightly differing aspects. 
The succession from Mineral Mountains (Utah, Tho-
mazo et al. 2016) deposited more proximally compared 
to the Georgetown area illustrate negative–positive cou-
plet in the carbonate carbon isotope record similar to 
what is observed in the Georgetown cores. In contrast, 
the organic carbon curve parallels the negative shift 
noted for the carbonates, but it remains rather stable 
up-section in the Mineral Mountains succession. This 
might be explained by its more proximal facies where 
the upper parts of the sections are more influenced by 
terrestrial organic matter. For Hot Springs, the negative 
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and positive shifts in the paired carbon isotope data from 
carbonates and organic matter are almost synchronous 
to those for Georgetown, but not of the same magni-
tude. The Georgetown record as the third but most dis-
tal record in this basin, displays its own peculiarities. The 
middle Smithian negative shift and the position of the 
minimum are shared in organic and inorganic carbon 
isotope compositions. During the positive shift while the 
records remains parallel in their direction of change, the 
two curves drift apart, with the δ13Corg values increasing 
more profoundly compared to the δ13Ccarb values; the lat-
ter also reach their maximum value later. As previously 
mentioned δ13Corg values might be influenced by the 
compositional change in OM with marine and terrestrial 
OM having different values too and thus the δ13Corg posi-
tive peak precedes the one of δ13Ccarb.

Assuming a vertical carbon isotope DIC gradient simi-
lar to modern day oceans it could be expected that the 
shallower succession (Mineral Mountains) should have 
overall heavier C-isotope compositions compared to Hot 
Springs and Georgetown as shallower, coastal sections 
often have a higher nutrient supply from terrestrial inputs 
and hence a higher bioproductivity. However, the Mineral 
Mountains section has overall lower δ13Ccarb values. Pre-
excursion values of δ13Ccarb range around 0‰ in Mineral 
Mountains and around 2‰ in Hot Springs and George-
town. Thomazo et al. (2016) argue that the δ13Ccarb from 
the Mineral Mountain succession does not reflect global 
changes in carbon isotopes composition of atmospheric 
 CO2 but was influenced by authigenic carbonate forma-
tion in these shallow sedimentary settings and hence per-
haps also by basin-derived DIC sources. These carbonates 
precipitated from fluids with a 13C-depleted composition 
because of bacterially mediated organic matter reminer-
alization either within the catchment or within the local 
water column (Thomazo et al. 2016). In contrast to Min-
eral Mountains, the δ13Ccarb and δ13Corg curves from Hot 
Springs mirrors those for Georgetown, with a minimum 
in the Meekoceras beds and a positive peak in the lower-
most Spathian (Caravaca et al. 2018). However, if the lith-
ologic log from Hot Springs is plotted at the same scale 
as Georgetown, the picture is rather contorted because of 
the 130 m covered interval in the Lower Shale. The dif-
ference with Georgetown is that the δ13Ccarb and δ13Corg 
curves remain parallel. Thus, the organic carbon isotope 
data seem not to be influenced by compositional changes 
of the OM, as would be the case for Georgetown cores.

Conclusions
The absence or scarcity of plant fossil from Lower Tri-
assic deposits in the Western USA does not necessarily 
imply an Early Triassic desert, i.e., the absence of veg-
etation during this time in this region. Palynomorphs 

recovered from a drilled borehole core near Georgetown, 
Idaho straddling the uppermost Dinwoody/Woodside 
formations and the lower part of the Thaynes Group 
indicate the presence of lycophytes including Pleuromei-
aceae, Gentales, Ulmanniaceae, Majonicaceae, and Pel-
taspermales. Even though the data is scares, spore and 
pollen grains prove the presence of different plant groups 
in Western United States, which have further implica-
tions for palaeopyhtogeographic and climatic consid-
erations. The rather unexpected findings of preserved 
palynomorphs in Early Triassic deposits there, hopefully 
encourages palynological research not to neglect seem-
ingly hopeless successions. Carbonate carbon isotope 
compositions have similar trends across the Smithian–
Spathian boundary as in other worldwide distributed 
successions. Paired carbon isotope compositions of 
inorganic and organic carbon from three profiles of the 
same basin are interpreted to reflect a combination of dif-
ferences in the influence of local variations in the catch-
ment, as reflected by the lithostratigraphic differences. As 
such, more proximal settings suggest a stronger influence 
of terrestrially derived organic matter as well as DIC, 
while more distal settings are more influenced by dif-
ferences in marine versus terrestrial proportions in the 
composition of the organic matter.

Acknowledgements
This work is supported by the Swiss National Science Foundation (Project n° 
160055 and 180253 to H.B). Thomas Brühwiler is thanked for preparing the 
ammonoid. The help of Jim Jenks for the organization of the drilling is deeply 
acknowledged. We thank Susanne Feist‑Burkhardt, Evelyn Kustatscher, and 
Katrin Ruckwied for their constructive comments on this manuscript.

Authors’ contributions
ES‑H, BB, TV and ML prepared and analyzed the samples. ES‑H wrote the 
manuscript. HB conceived and supervised the project. All authors discussed 
the results and contributed to the final manuscript. All authors read and 
approved the final manuscript.

Funding
The study was supported by the Swiss National Science Foundation.

Availability of data and materials
Slides are stored in the repository of the Palaeontological Institute and 
Museum, University of Zurich. The datasets generated during the current 
study are available from the corresponding author on request.

Competing interests
The authors declare no competing interests.

Author details
1 Paleontological Institute and Museum, University of Zurich, Karl Schmid‑Str. 
4, 8006 Zurich, Switzerland. 2 Department of Earth Sciences, Faculty of Sci‑
ences, Shiraz University, Shiraz, Iran. 3 Institute of Earth Surface Dynamics, 
University of Lausanne, Géopolis, 1015 Lausanne, Switzerland. 

Received: 10 January 2020   Accepted: 23 March 2020
Published: 20 April 2020



Page 51 of 139 5Early Triassic organic matter Georgetown, Idaho, USA 

References
Arthur, M. A., Dean, W. E., & Claypool, G. E. (1985). Anomalous 13C enrichment 

in modern marine organic carbon. Nature, 315, 216–218.
Ash, S. R. (1972). Late Triassic plants from the Chinle formation in North‑Eastern 

Arizona. Palaeontology, 15, 598–618.
Ash, S. R., & Morales, M. (1993). Anisian plants from Arizona: The oldest 

mesozoic megaflora in North America. In S. G. Lucas & M. Morales 
(Eds.), The Nonmarine Triassic (pp. 27–29). New Mexico Museum of 
Natural History & Science Bulletin 3: Albuquerque.

Bagherpour, B., Bucher, H., Vennemann, T., Schneebeli‑Hermann, E., Yuan, 
D., Leu, M., et al. (2019). Are late Permian carbon isotope excursions of 
local or of global significance? Geological Society of America Bulletin. 
https ://doi.org/10.1130/B3199 6.1.

Balme, B. E. (1979). Palynology of Permian‑Triassic boundary beds at Kap 
Stosch, east Greenland. Meddelelser om Grønl, 200(6), 1–37.

Batten, D. J. (1982). Palynofacies, palaeoenvironments and petroleum. Jour-
nal of Micropalaeontology, 1, 107–114.

Batten, D. J. (1996). Palynofacies. In J. Jansonius & D. C. McGregor (Eds.), 
Palynology: Principles and applications (Vol. 3, pp. 1011–1064). Park 
Ridge: American Association of Stratigraphic Palynologists Foundation.

Benz, S. (1980). The stratigraphy and paloenvironment of the Triassic Moenkopi 
Formation at Radar Mesa, Arizona (p. 43). Unpublished Masters thesis, 
Northern Arizona University, Flagstaff.

Blakey, R. C., & Ranney, W. D. (2018). Ancient landscapes of Western North 
America: A geologic history with paleogeographic maps (p. 228). Berlin: 
Springer International Publishing.

Brayard, A., Bylund, K. G., Jenks, J. F., Stephen, D. A., Olivier, N., Escarguel, G., 
et al. (2013). Smithian ammonoid faunas from Utah: Implications for 
Early Triassic biostratigraphy, correlation and basinal paleogeography. 
Swiss Journal of Palaeontology, 132, 141–219.

Brayard, A., Krumenacker, L. J., Botting, J. P., Jenks, J. F., Bylund, K. G., Fara, 
E., et al. (2017). Unexpected Early Triassic marine ecosystem and the 
rise of the Modern evolutionary fauna. Science Advances. https ://doi.
org/10.1126/sciad v.16021 59.

Brühwiler, T., Bucher, H., Krystyn, L. (2012). Middle and Late Smithian (Early 
Triassic) Ammonoids From Spiti, India (Vol. 88, 174 pp). Spec Pap Palae‑
ontol. London: The Palaeontological Association London.

Caravaca, G., Brayard, A., Vennin, E., Guiraud, M., Le Pourhiet, L., Grosjean, 
A. S., et al. (2018). Controlling factors for differential subsidence in the 
Sonoma Foreland Basin (Early Triassic, western USA). Geological Maga-
zine, 155, 1305–1329.

Clark, D. L., & Carr, T. R. (1984). Conodont biofacies and biostratigraphic 
schemes in western North America: A model. Geological Society of 
America Special Paper, 196, 1–9.

Collinson, J. W., Kendall, C. G. S. C., & Marcantel, J. B. (1976). Permian‑Triassic 
boundary in eastern Nevada and west‑central Utah. Bulletin of the 
Geological Society of America, 87, 821–824.

Corsetti, F. A., Baud, A., Marenco, P. J., & Richoz, S. (2005). Summary of Early 
Triassic carbon isotope records. Comptes Rendus Palevol, 4, 473–486.

DiMichele, W. A., Hook, R. W., Nelson, W. J., & Chaney, D. S. (2004). An unusual 
Middle Permian flora from the Blaine Formation (Pease River Group: 
Leonardian‑Guadalupian series) of King County, West Texas. Journal of 
Paleontology, 78, 765–782.

Edwards, C. T., & Saltzman, M. R. (2016). Paired carbon isotopic analysis of 
Ordovician bulk carbonate (δ13Ccarb) and organic matter (δ13Corg) span‑
ning the Great Ordovician Biodiversification Event. Palaeogeography, 
Palaeoclimatology, Palaeoecology, 458, 102–117.

Foster, C. B. (1982). Spore‑pollen assemblages of the Bowen Basin, Queens‑
land (Australia): Their relationship to the Permian/Triassic boundary. 
Review of Palaeobotany and Palynology, 36, 165–183.

Foster, C. B., Logan, G. A., Summons, R. E., Gorter, J. D., & Edwards, D. S. 
(1997). Carbon isotopes, kerogen types and the Permian‑Triassic 
boundary in Australia: Implications for exploration. The APPEA Journal, 
1997, 472–489.

Galfetti, T., Bucher, H., Brayard, A., Hochuli, P. A., Weissert, H., Guodon, K., et al. 
(2007a). Late Early Triassic climate change: Insights from carbonate car‑
bon isotopes, sedimentary evolution and ammonoid paleobiogeogra‑
phy. Palaeogeography, Palaeoclimatology, Palaeoecology, 243, 394–411.

Galfetti, T., Hochuli, P. A., Brayard, A., Bucher, H., Weissert, H., & Vigran, J. 
O. (2007b). Smithian–Spathian boundary event: Evidence for global 

climatic change in the wake of the end‑Permian biotic crisis. Geology, 
35, 291–294.

Goel, R. K. (1977). Triassic conodonts from Spiti (Himachal Pradesh), India. 
Journal of Paleontology, 51 1085–1101.

Gregory, H. E. (1917). Geology of the Navajo Country (Vol. 93, pp. 1–193). U S 
Geological Survey Professional Paper.

Hartkopf‑Fröder, C., Königshof, P., Littke, R., & Schwarzbauer, J. (2015). Optical 
thermal maturity parameters and organic geochemical alteration at low 
grade diagenesis to anchimetamorphism: A review. International Journal 
of Coal Geology, 150–151, 74–119.

Hermann, E., Hochuli, P. A., Bucher, H., & Roohi, G. (2012). Uppermost Permian 
to Middle Triassic palynology of the Salt Range and Surghar Range, Paki‑
stan. Review of Palaeobotany and Palynology, 169, 61–95.

Hilting, A. K., Kump, L. R., & Bralower, T. J. (2008). Variations in the oceanic verti‑
cal carbon isotope gradient and their implications for the Paleocene–
Eocene biological pump. Paleoceanography, 23, 1–15.

Jacobson, S. R., Wardlaw, B. R., & Saxton, J. D. (1982). Acritarchs from the Phos‑
phoria and Park City formations (Permian, Northeastern Utah). Journal of 
Paleontology, 56, 449–458.

Jenks, J., Guex, J., Hungerbühler, A., Taylor, D. G., & Bucher, H. (2013). Ammonoid 
Biostratigraphy of the Early Spathian Columbites Parisianus Zone (Early 
Triassic) At Bear Lake Hot Springs, Idaho. New Mexico Museum of Natural 
History Bulletin, 61, 268–283.

Jeppsson, L., & Anehus, R. (1999). A new technique to separate conodont ele‑
ments from heavier minerals. Alcheringa, 23, 57–62.

Jeppsson, L., Anehus, R., & Fredholm, D. (1999). The optimal acetate buffered 
acetic acid technique for extracting phosphatic fossils. Journal of Paleon-
tology, 73, 964–972.

Kummel, B. (1943). The Thaynes Formation, Bear Lake Valley, Idaho. American 
Journal of Science, 241, 316–332.

Kummel, B. (1954). Triassic stratigraphy of southeastern Idaho and adjacent areas 
(vol. 254‑H, pp. 165–199). Geological Survey Professional Paper.

Kummel, B. (1957). Chapter 16: Paleoecology of lower Triassic formations of 
Southeastern Idaho and adjacent areas. Memoirs of the Geological Society 
of America., 67, 437–468.

Kump, L. R., Arthur, M. A., Patzkowsky, M. E., Gibbs, M. T., Pinkus, D. S., & 
Sheehan, P. M. (1999). A weathering hypothesis for glaciation at high 
atmospheric  pCO2 during the Late Ordovician. Palaeogeography, Palaeo-
climatology, Palaeoecology, 152, 173–187.

Lewis, R. S., Link, P. K., Stanford, L. R., & Long, S. P. (2012). Geological map of 
Idaho. Moscow, Idaho: Idaho Geological Survey.

Lindström, S., Irmis, R. B., Whiteside, J. H., Smith, N. D., Nesbitt, S. J., & Turner, 
A. H. (2016). Palynology of the upper Chinle Formation in northern New 
Mexico, U.S.A.: Implications for biostratigraphy and terrestrial ecosystem 
change during the Late Triassic (Norian–Rhaetian). Review of Palaeobotany 
and Palynology, 225, 106–131.

Lindström, S., & McLoughlin, S. (2007). Synchronous palynofloristic extinc‑
tion and recovery after the end‑Permian event in the Prince Charles 
Mountains, Antarctica: Implications for palynofloristic turnover across 
Gondwana. Review of Palaeobotany and Palynology, 145, 89–122.

Litwin, R. J. (1985). Fertile organs and in situ spores of ferns from the Late 
Triassic Chinle Formation of Arizona and New Mexico, with discussion of 
the associated dispersed spores. Review of Palaeobotany and Palynology, 
44, 101–146.

Litwin, R. J., Traverse, A., & Ash, S. R. (1991). Preliminary palynological zonation 
of the Chinle formation, southwestern U.S.A., and its correlation to the 
Newark supergroup (eastern U.S.A.). Review of Palaeobotany and Palynol-
ogy, 68, 269–287.

Lucas, S. G., Krainer, K., & Milner, A. R. C. (2007). The type section and age of 
the Timpoweap Member and stratigraphic nomenclature of the Triassic 
Moenkopi Group in southwestern Utah. New Mexico Museum of Natural 
History of Science Bulletin, 40, 109–117.

McKee, E. D. (1954). Stratigraphy and history of the Moenkopi formation of 
Triassic age. Memoirs of the Geological Society of America, 61, 1–126.

Miller, C. S., Baranyi, V. (2019). Triassic climates. In: Reference module in earth 
systems and environmental sciences (pp. 1–11). https ://doi.org/10.1016/
b978‑0‑12‑40954 8‑9.12070 ‑6.

Morales, M. (1987). Terrestrial Fauna and Flora from the Triassic Moenkopi for‑
mation of the southwestern United States. Journal of the Arizona-Nevada 
Academy of Science, 22, 1–19.

https://doi.org/10.1130/B31996.1
https://doi.org/10.1126/sciadv.1602159
https://doi.org/10.1126/sciadv.1602159
https://doi.org/10.1016/b978-0-12-409548-9.12070-6
https://doi.org/10.1016/b978-0-12-409548-9.12070-6


5 Page 52 of 139 E. Schneebeli‑Hermann et al.

Müller, K. J. (1956). Triassic conodonts from Nevada. Journal of Paleontology, 30, 
818–830.

Naugolnykh, S. V. (2013). The heterosporous lycopodiophyte Pleuromeia ros‑
sica Neuburg, 1960 from the Lower Triassic of the Volga River basin (Rus‑
sia): Organography and reconstruction according to the “Whole‑Plant” 
concept. Wulfenia, 20, 1–16.

Parrish, J. T. (1993). Climate of the supercontinent Pangea. The Journal of Geol-
ogy, 101, 215–233.

Payne, J. L., Lehrmann, D. J., Wei, J., Orchard, M. J., Schrag, D. P., & Knoll, A. H. 
(2004). Large perturbations of the carbon cycle during recovery from the 
end‑Permian extinction. Science, 305, 506–509.

Popp, B. N., Parekh, P., Tilbrook, B., Bidigare, R. R., & Laws, E. A. (1997). Organic 
δ13C variations in sedimentary rocks as chemostratigraphic and paleoen‑
vironmental tools. Palaeogeography, Palaeoclimatology, Palaeoecology, 
132, 119–132.

Preto, N., Kustatscher, E., & Wignall, P. B. (2010). Triassic climate—State of the 
art and perspectives. Palaeogeography, Palaeoclimatology, Palaeoecology, 
290, 1–10.

Retallack, G. J. (1997). Earliest Triassic origin of Isoetes and quillwort evolution‑
ary radiation. Journal of Palaeontology, 7, 500–521.

Romano, C., Jenks, J. F., Jattiot, R., Scheyer, T. M., Bylund, K. G., & Bucher, H. 
(2017). Marine Early Triassic Actinopterygii from Elko County (Nevada, 
USA): Implications for the Smithian equatorial vertebrate eclipse. Journal 
of Paleontology, 91, 1025–1046.

Romano, C., Kogan, I., Jenks, J., Jerjen, I., & Brinkmann, W. (2012). Saurichthys 
and other fossil fishes from the late Smithian (Early Triassic) of Bear Lake 
County (Idaho, USA), with discussion of saurichthid palaeogeography 
and evolution. Bulletin of Geosciences, 87, 543–570.

Scheyer, T. M., Romano, C., Jenks, J., & Bucher, H. (2014). Early Triassic Marine 
Biotic recovery: The predators’ perspective. PLoS ONE, 9, e88987. https ://
doi.org/10.1371/journ al.pone.00889 87.

Schneebeli‑Hermann, E., Hochuli, P. A., & Bucher, H. (2017). Palynofloral associa‑
tions before and after the Permian‑Triassic mass extinction, Kap Stosch, 
East Greenland. Global and Planetary Change, 155, 178–195.

Shigeta, Y., Zakharov, Y. D., Maeda, H., & Popov, A. M. (2009). The lower Triassic 
System in the Abrek Bay area, South Primorye, Russia. National Museum of 
Nature and Science Monographs, 38, 1–218.

Spötl, C., & Vennemann, T. W. (2003). Continuous‑flow IRMS analysis of carbon‑
ate minerals. Rapid Communications in Mass Spectrometry, 17, 1004–1006.

Stampfli, G. M., & Borel, G. D. (2002). A plate tectonic model for the Paleozoic 
and Mesozoic constrained by dynamic plate boundaries and restored 
synthetic oceanic isochrons. Earth and Planetary Science Letters, 196, 
17–33.

Stewart, J. H., Poole, F. G., Wilson, R. F. (1972). Stratigraphy and origin of the Trias-
sic Moenkopi Formation and related strata in the Colorado Plateau region 
(691, 195 pp). Geological Survey Professional Paper.

Thomazo, C., Vennin, E., Brayard, A., Bour, I., Mathieu, O., Elmeknassi, S., et al. 
(2016). A diagenetic control on the Early Triassic Smithian‑Spathian car‑
bon isotopic excursions recorded in the marine settings of the Thaynes 
Group (Utah, USA). Geobiology, 14, 220–236.

Traverse, A. (2007). Paleopalynology. In: Topics in geobiology (Vol. 28). 
Dordrecht: Springer.

Tyson, R. V. (1995). Sedimentary organic matter—Organic facies and palynofa-
cies. London: Chapman & Hall.

Van Houten, F. B. (1973). Origin of red beds a review‑1961–1972. Annual Review 
of Earth and Planetary Sciences, 1, 39–61.

Vennin, E., Olivier, N., Brayard, A., Bour, I., Thomazo, C., Escarguel, G., et al. (2015). 
Microbial deposits in the aftermath of the end‑Permian mass extinction: 
A diverging case from the Mineral Mountains (Utah, USA). Sedimentology, 
62, 753–792.

Wardlaw, B. R., Snyder, W. S., Spinosa, C., & Gallegos, D. M. (1995). Permian of the 
Western United States. In P. A. Scholle, T. M. Peryt, & D. S. Ulmer‑Scholle 
(Eds.), The Permian of Northern Pangea (pp. 23–40). Berlin: Springer.

Ware, D., Jenks, J. F., Hautmann, M., & Bucher, H. (2011). Dienerian (Early Triassic) 
ammonoids from the Candelaria Hills (Nevada, USA) and their signifi‑
cance for palaeobiogeography and palaeoceanography. Swiss Journal of 
Geosciences, 104, 161–181.

Weissert, H., Joachimski, M. M., & Sarnthein, M. (2008). Chemostratigraphy. 
Newsletters on Stratigraphy, 42, 145–179.

Zhang, L., Orchard, M. J., Brayard, A., Algeo, T. J., Zhao, L., Chen, Z. Q., et al. 
(2019). The Smithian/Spathian boundary (late Early Triassic): A review of 
ammonoid, conodont, and carbon‑isotopic criteria. Earth-Science Rev, 
195, 7–36.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0088987
https://doi.org/10.1371/journal.pone.0088987

	Sedimentary organic matter from a cored Early Triassic succession, Georgetown (Idaho, USA)
	Abstract 
	Introduction
	Geological setting

	Materials and methods
	Particulate organic matter and palynology
	Carbonate carbon and bulk organic matter carbon isotope compositions
	Conodonts

	Core description and comparison with regional lithology
	Results
	Particulate organic matter
	Palynology
	Carbon isotope compositions
	Conodonts from the drill core in Georgetown

	Discussion
	Particulate organic matter
	Palynology
	Components of the vegetation

	Carbon isotope compositions

	Conclusions
	Acknowledgements
	References




